INTRODUCTION
It is now generally accepted that cerebrovascular resistance is regulated by a combination of nervous and humoral factors Meyer and Welch, 1972; Reivich, 1969) . However, the mechanisms whereby these factors affect the cerebral vessels, and their relative significance are unclear.
There is no doubt that cerebral vessels are richly innervated with both sympathetic and parasympathetic fibers (Sundt, 1973; Peerless and Kendall, 1975) . This was originally demonstrated by Chorobski and Penfield (1923) and Penfield (1932) using the light microscope, and has been confirmed more recently using fluorescent microscopic techniques (Nielsen and Owman, 1967; Falck et al, 1968; Lavretievaet al, 1968; Peerless and Yasargil, 1971; Peerless et al, 1972) , and electron microscopy (Nelson and Rennels, 1970; .
The functional significance of these nerves is not known. Stimulation and transection of the nerves have produced variable responses, suggesting that the direct effect of the nervous system on cerebrovascular resistance is minimal (Chorobski and Penfield, 1932; Forbes et al, 1939; Dumke and Schmidt, 1943; Gurdjian et al, 1958; Meyer et al, 1967) . More recently it has been shown that both sympathetic and parasympathetic nerves modulate the effect of carbon dioxide on cerebral blood flow (James et al, 1969; Harper et al, 1971) . The quantitative significance of this is not certain and it is thought that humoral factors including pCO: pO: and pH are of greater importance THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES in the regulation of cerebrovascular resistance. Kety and Schmidt (1948) showed that inhalation of CO2 caused increased cerebral blood flow in man, whilst hyperventilation with its associated hypocarbia produced decreased cerebral blood flow. These findings have been confirmed (Reivich, 1964; Meyer et al, 1967) .
The mechanism of action of CO2 on the cerebral blood vessels is not clear. It has been established by Severinghaus and Lassen (1967) (1968) that the arterial pCCh and not the venous or tissue pCCh is important in regulating cerebrovascular resistance. Earlier workers Sokoloff (1960) and Wolff (1936) suggested that CO2 had a direct effect on cerebral arterial muscle, and, as evidence they cited the work of Cow (1911) who showed that isolated strips of carotid arteries immersed in Ringer's solution dilated when the pCCh of the solution was increased. Furthermore, the effect of CO2 on cerebral blood flow was not abolished by spinal transection, section of 6th, 7th, 8th, and 10th cranial nerves, cervical sympathectomy, removal of the carotid sinus or decerebration, lending support to a possible direct effect of CO2.
However, it has been shown by Betz (1965) , Severinghaus (1965) and Severinghaus et al (1966) that the direct effect of CO2 on the cerebral vessels cannot be the sole mechanism for the responses of the cerebral vessels to changes in pCCh. During acclimatization to high altitudes hypocarbia occurs, and with it there is a decrease in cerebral blood flow, but after six to twelve hours the cerebral blood flow returns to normal despite a persistent decreased arterial pCCh. It was noted that there was an initial increase in CSF pH with hypocarbia, but after a few hours the CSF pH returned to normal, so that the cerebral blood flow seemed to parallel the CSF pH rather than the arterial pCCh. Similarly, with chronic hypercarbia in animals (Betz 1965) there was an initial increase in cerebral blood flow, but the cerebral blood flow returned to normal in a few hours, again reflecting the changes in the CSF pH which initially decreased but then returned to normal in a few hours.
It has, therefore, been suggested that the effect of changes of pCOi on cerebral blood flow are mediated via changes in the CSF pH which reflected the brain extracellular fluid pH.
The effect of changes of pC>2 on cerebrovascular resistance have been well documented. Hypoxia has been shown to cause dilatation of the cerebral vessels with increased cerebral blood flow whilst hyperoxia produces the opposite effect (Kety and Schmidt), 1948; Meyer and Gotoh, 1961; Reivich, 1968; .
The mechanism whereby changes in pCh affect the cerebral blood flow is not fully understood. A direct effect of O2 on cerebral vessels has been reported Sokoloff (1959) but it is thought that this is not the only mechanism. Attempts have been made to relate the effects of O2 on cerebral blood flow to the jugular venous pCh, and it has been shown that as the jugular venous pCh fell below 30 mm. Hg, cerebral blood flow increased, and at a "critical" jugular venous pCh of 19-20 mm. Hg disturbance of brain function occurred (Meyer et al, 1965) .
It was thought that receptors in the jugular veins responded to changes in jugular venous pC>2 so that cerebral hypoxia with decreased venous pCh resulted in increased cerebral blood flow and correction of the hypoxia in the brain. However, there is much evidence against this concept. Following transient occlusion of an intracerebral artery there is reactive hyperemia when the occlusion ceases, and despite the fact that the jugular venous pC»2 is elevated, increased cerebral blood flow occurs. Furthermore, in the region of an ischemic area of brain due to vascular occlusion, there often occurs a region of excess blood flow producing the so-called "luxury perfusion syndrome" (Lassen, 1966) . In this region the pCh is elevated and so is the cerebral blood flow, whilst perfusion may be normal in other areas of the brain. Finally, in chronic hypoxia, the cerebral blood flow initially increases, but later returns to normal despite the maintenance of the hypoxic state.
In order to explain the response to chronic hypoxia, it has been suggested that hypoxia produces lactacidosis with an associated decrease in CSF pH and brain extracellular fluid pH, and these changes may be responsible for the changes in cerebral blood flow. This is one of the most attractive hypotheses as to the mechanism of action of O2 changes on cerebral blood flow, and certainly in chronic hypoxia the cerebral blood flow does parallel the CSF pH. However, it is also possible that the adaptation to chronic hypoxia is due to changes in high energy phosphates in cerebral tissue, notably increased ATP production via anerobic pathways (Dahl and Balfour, 1964; Detar and Bohr, 1968) .
The effect of pH changes on the cerebral blood is also controversial. It is generally accepted that acidosis causes increased cerebral blood flow and alkalosis causes decreased cerebral blood flow (Sokoloff, 1959) although some earlier workers had reported conflicting results (Bronk and Gesell, 1927; Schieve and Wilson, 1953) .
The mechanisms whereby pH changes affect cerebral blood flow have been difficult to elucidate, largely because changes in acid-base balance are associated with other metabolic variations, mainly changes in pCCh. By separating the effects of arterial pH and pCCh it has been shown that changes in arterial pH affect cerebral blood flow indirectly via changes in arterial pCCh and secondary alterations in the pCCh and pH of the cerebrospinal fluid and brain extracellular fluid (Lambertsen et al, 1961; Harper and Bell, 1963; Betz and Heuser, 1967) .
There is still much controversy regarding the regulation of cerebrovascular resistance by nervous and humoral factors. The humoral mechanisms seem to be the more important, but the significance of nervous mechanisms, especially in modulating the responses to the humoral factors, is becoming more established. The basic mechanisms whereby arterial pH, pCCh and pCh affect cerebrovascular resistance are not completely resolved, but the most acceptable mechanism is an indirect effect via.changes in acidbase balance within the brain. There are undoubtedly direct effects of pH, pCCh and pCh on the cerebral arteries, and these have been poorly documented.
The present study was designed to investigate the direct effects of CO2 and O2 on the cerebral arteries, using an in vitro preparation of canine middle cerebral arteries. Although it can be argued that results obtained by in vitro methods are not strictly applicable to the in vivo situation, it is only by an in vitro method that one can eliminate extrinsic influences on the responses of the vessels under study.
Two basic methods have been used to study the reactivity of isolated vascular smooth muscle. Direct recording of changes in tension or length of strips or rings of vessels, and measurement of resistance in an isolated perfused blood vessel by recording changes in pressure or flow. Although these techniques have been used extensively in the study of various circulatory beds, the cerebral circulation was not investigated by these in vitro methods until 1961, when Bohr, Goulet and Taquini reported on direct tension recording from various resistance vessels, including cerebral arteries. In this series of experiments, helical strips of cerebral arteries were used and the reactivity to various drugs was tested. Uchida, Bohr and Hoobler (1967) used preparations of isolated perfused cerebral arteries to study the effects of drugs on the cerebral vessels, and and Allen et al, (1974) studied the effect of vasoactive agents on isolated segments of cerebral arteries by recording changes in intraluminal tension of the arterial preparation.
In the current study we have investigated the effects of O2 and CO: on the reactivity of cerebral arteries in vitro, using the method described by Neilsen and Owman (1971) and Allen et al (1974) . By using segments of arteries one can measure the ra-
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dial contraction of the arterial segment, which is more physiological than measuring the tension developed in the helical strip of the artery and is, therefore, more likely to yield results applicable to the in vivo situation.
METHOD a) Material
The subjects were 17 adult mongrel dogs ranging in weight from 15 kg. to 24 kg. The dogs were given a lethal dose of pentobarbitone sodium (Nembutal) and the brains immediately removed.
b) Vessel preparation
The vessels of the circle of Willis were immediately dissected out and placed in Krebs-Ringer-glucose solution having the following composition: NaCl 120 mM, KC1 4.5 mM, CaCh.2H 2 0 2.5 mM, MgS04.7H 2 0 1.0 mM, NaHCOj 27 mM, KH2PO4 1.0 mM, glucose 3.0 mM. The vessels were stored at 4°C, until used, and all vessels were used within 16 hours after death of the animal.
Thirty segments of the middle cerebral arteries, each measuring 2 to 4 mm. in length were tested. The segment of artery to be tested was placed in a 50 ml. plexiglass well containing Krebs-Ringer-glucose solution (composition above), which was maintained at a temperature of 38.0°C by an outer jacket of circulating water, heated by a thermostatically controlled circulation pump. The vessel was mounted in a rigid system, consisting of two stainless steel rods passing through the lumen for its entire length. One rod was fixed to the wall of the plexiglass well, and the other rod was connected to a strain gauge, so that the radial contraction of the vessel segment could be measured, as described (Allen et al, 1974; (Fig. 1) . Since the only factors affecting the tension measured by the strain gauge were the changes in the diameter of the mounted vessel segment, the method allowed an indirect assessment of changes in the caliber of the vessel segment. The artery was placed under a tension of 3-6.5 gm. and allowed to relax for a period of 30-60 minutes to a baseline tension DES SCIENCES NEUROLOGIQUES of between 130 and 700 mg. Only those vessels which displayed a stable baseline were tested.
c) Changes in pOi and pCOi
The pO: and pCXh of the solution were regulated by bubbling a gas mixture into the solution via a 21 gauge needle. Gas mixtures were available for varying the pC02 independent of changes in p02, and these included 2%, 4%, 5%, 6%, 8% and 13% CO2 in compressed air, i.e. 21% O2. Gas mixtures were also available for varying the p02 without changing the pC02, and these included 0%, 7%, 15%, 21% and 95% O2 in 5% CO2. In addition there was a gas mixture containing 2% CO2 and 0% O2, which allowed a low pC02 and a low p02 to be produced simultaneously.
d) Measurements i) Vessel contraction
The radial contraction of the arterial segment was recorded by means of a Grass force displacement transducer. Sonborn preamplifier and modified XY plotter. The system was capable of recording a change in tension of 10 mg. or more, ii) pH, pC02, p02
Samples of the solution were THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES removed from the plexiglass well at 5 minute intervals for measurement of pH, pCCh and pCh; and the samples were analyzed using an Astrup blood gas analyzer.
RESULTS

Effect of CO2
Using normoxic solutions, the pCCh was varied from 17.0 mm. Hg to 87.2 mm. Hg (Table 1) , and this was associated with pH changes from 7.60 to 6.95. A change of pCCh was accompanied by a change in the intraluminal tension of the vessel tested. Increasing the pCO: caused dilatation and decreasing the pCO: caused constriction. There was a latency of approximately 5.4 minutes (average of all values) before a response was noted, followed by a gradual change towards a new baseline over a period of approximately 20 minutes. Return to the original pCO: was accompanied by a reversal of these changes (Fig. 2) .
There was no change in the intraluminal tension of the vessel with changes of pCO: between 26.6 mm. Hg and 38.1 mm. Hg. Below 26.6 mm. Hg there was increasing constriction of the vessel with progressive lowering of the pCCh to 17 mm. Hg, whereas changing the pCO: from 38.1 mm. Hg to 87.2 mm. Hg was accompanied by dilatation of the vessel (Fig. 3) .
The constriction of the vessel with changes of the pCO: from the control value 38.1 mm. Hg to a lower pCO:, e.g. 17.0 mm. Hg, was much greater than the dilatation observed with change of the pCO: from 38.1 mm. Hg to 87.2 mm. Hg. This may reflect the fact that the vessel at rest is almost fully dilated, so that it can dilate only a small amount. However, full dilatation is probably not produced by a pCO: of 87.2 mm. Hg, because, if xylocaine 20 mg. is added to the bath after a pCO: of 87.2 mm. Hg has produced dilatation, further dilation of the vessel does occur, although the response is also of small magnitude.
Effect of 0>
Using a constant pCO: level of approximately 26.6 mm. Hg, the pO: levels of the solution were changed by using gas mixtures with varying O2 concentrations, according to Table  2 . Changes in pCh from > 500 mm. Hg to 59.7 mm. Hg had no effect on the intraluminal tension of the middle cerebral arteries tested. How- ever, on reducing the pO: of the solution towards 28.7 mm. Hg by using the gas mixture containing 0% O:, a strong constriction of the vessel was noted, and this response occurred when the pO: was between 40 mm. Hg and 50 mm. Hg. The typical response to these low levels of pO: was a sudden large constriction, with a duration of 2 minutes to 17 minutes, followed by a return to a prehypoxic baseline tension even though the pO: remained low (Fig. 4) . The duration of the response was quite variable and did not depend on the original level of the pO: before hypoxia was induced (Table 3) . Furthermore, no matter what the original pO: was, the magnitude of the constriction in response to hypoxia was similar (Fig.  5) . In a single preparation, repeated lowering of the pCh would produce progressively larger contractions, and in some vessels responses occurred only after the second and subsequent reductions of the pCh. This suggests that hypoxia sensitizes the artery, so that repeated episodes of hypoxia cause larger contractions of the artery. It is interesting to note that the contraction in response to hypoxia was short-lived, and that the artery relaxed to the original base-line tension following a brief constriction, despite maintenance of a low p O . A possible explanation is that the artery responds only to a change in pO: towards a value of < 50 mm. Hg, and does not respond to hypoxia per se. Another explanation why the contraction is not maintained is that the energy sources required for contraction are rapidly utilized by hypoxic levels and cannot be resynthesized without adequate Ch. The evidence is in favour of the latter explanation.
It was noted on several occasions that restoration of the pO: to normal values following a period of hypoxia was accompanied by a further sudden constriction of the artery (Fig.  6 ). This suggests that during the period of hypoxia an excitatory substance (or substances) accumulated, but was unable to cause constriction of the artery because of lack of energy sources. On restoration of the pO: to levels above 50 mm. Hg, the energy sources could be resynthesized and the excitatory substance caused constriction of the artery. It can still be argued that the constriction was due to the effect of rapidly changing the pCh across the critical threshold level, and the rapid changes from low pOi to high pO: or from high pO: to low pCh were equally effective in causing constriction of the artery.
In order to elucidate the problem, further experiments were designed. A gas mixture containing 2% CO: and 0% O2 was used to produce a PCO2 of approximately 20.0 mm. Hg together with a pO: of approximately 28.7 mm. Hg. As shown in Fig. 7 the constriction produced by low pCOz was abolished or inhibited by hypoxia, implying the need for O2 to allow the normal constriction in response to low pCO:, and presumably the O2 is required for energy production. It may also be noted that when the solution was hypoxic and hypocarbic, and the hypoxia was relieved, maintaining hypocarbia (i.e. 2% CO2 and 0% O2 changed to 2% CO2 and 21% O2), there was an initial sudden, transient contraction of the artery with rapid return to the baseline tension, followed by a more gradual constriction. The initial sudden constriction was similar to the responses observed when the p02 of the solution was elevated from levels below 50 mm. Hg, as described previously. The gradual later constriction was similar to the response to low pC02 at normal pO: levels, and in this experiment probably represented the effect of hypocarbia, which had been maintained after restoration of the p02 to normal levels. To explain the absence of a response of hypocarbia in the presence of hypoxia, it is suggested that energy sources for contraction are depleted. This would also explain why the constriction in response to hypoxia was not maintained.
Some observations can be made from the above experiments on the mechanisms whereby hypocarbia and hypoxia produce constriction of the artery. Hypocarbia produced a gradual constriction under normoxic conditions and also following a period of hypoxia and hypocarbia combined, and the magnitude of the constriction produced was similar in both cases. This suggests that at low levels of pC02 there is no accumulation of an excitatory substances, but that hypocarbia itself is responsible for the constriction observed. On the other hand, the sudden constriction of the artery which occurs immediately following return to normal PO2 levels from low p02 levels suggests the accumulation of an excitatory substance (or substances) during the period of hypoxia. If there is an excitatory substance produced during hypoxia then one might expect that the longer the hypoxia the larger the quantity of excitatory substance produced, and the larger the magnitude of the arterial constriction until the maximum response had been reached. This was tested ex-THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES perimentally and shown to be the case (Fig. 8) . In this experiment the starting pCh was approximately 60 mm. Hg (7% O2 gas mixture), and this was reduced to levels below 40 mm. Hg (0% O2 gas mixture) with period of hypoxia varying from 2.3 minutes to 6.5 minutes. It should be noted that even after only 2.3 minutes of perfusion with 0% O2 mixture, the p02 of the solution was less than 40 mm. Hg. Therefore, each time the pCh was lowered the critical threshold range of 40 mm. to 50 mm. Hg (see above) was traversed. With the first three periods of hypoxia of 9 minutes, 8 minutes and 6.5 minutes respectively there was an increase of each successive constriction, a phenomenon that has been commented on earlier. Despite this tendency for larger constrictions with repeated episodes of hypoxia, when the periods of hypoxia were then decreased to 2.65 minutes and 2.3 minutes respectively, smaller responses were observed. That this was not due to decreased responsiveness of the vessel preparation is shown by the larger constriction in response to yet another period of hypoxia, this time lasting 5 minutes. The findings in this experiment are not compatible with the Figure 7 -Effect of hypoxia on the response to changes of PCO2. Downward deflection of the tension tracing represents vessel constriction. The constriction in response to hypocarbia is abolished by hypoxia produced by the use of a gas mixture containing 0% O2 and 2% CO2.
hypothesis that the response to hypoxia is due to a rapid change of PO2 across a critical threshold level. There is a relationship between the duration of hypoxia and the magnitude of constriction of the vessel, supporting the hypothesis that hypoxia causes accumulation of an excitatory substance (or substances) which causes constriction of the middle cerebral artery.
DISCUSSION
In this study the direct effects of CO2 and O2 on the middle cerebral artery of dogs have been investigated in vitro, using a modification of the method described by and Allen et al (1974) . These workers were investigating the effects of drugs on the middle cerebral arteries and obtained reproducible responses to the same dose of drug using different arterial segments. In the present experiments variability of the magnitude of the responses to CO2 and O2 was marked. Some of the factors contributing to this variability include different reactivities of the dif- LE JOURNAL CANAD1EN DES SCIENCES NEUROLOGIQIIES ferent arteries, variation in the diameter and length of the arterial segment used, changes in magnitude of the response with the lapse of time after death of the animal and with the duration of time that the vessel had been mounted in the apparatus, and the amount of trauma sustained by the vessel during removal from the brain and mounting. Despite the great variability noted, semiquantitative assessments could still be made from the results. The responses of the middle cerebral artery preparations to changes in pCO: differed slightly from what was expected. Reivich (1964) showed that in the monkey, changing the pCO. from 20 mm. Hg to 418 mm. Hg caused a stepwise increase in cerebral blood flow, with the maximum sensitivity of the response to changes in pCCh occurring at levels of pCCh near normal, i.e. around 40 mm. Hg. In the present experiments there was no response of the middle cerebral arteries to decreases in the pCO: from 38.1 mm. Hg to 26.6 mm. Hg, although there was marked constriction when the pCCh was lowered further. Increasing the pCCh from 38.1 mm. Hg to 87.2 mm. Hg resulted in a small amount of dilatation, but no information was obtained concerning the response of the vessels to lesser elevations of pCCh in the range near the normal. The arterial segments responded only when there was a large change from normal, and there is a suggestion of a threshold in the vicinity of the normal pCOs, below or above which changes in the pCCh produce constriction or dilatation. The existence of a threshold phenomenon determining the cerebral blood flow response to pCO: has previously been suggested by Patterson et al (1955) but because of the wide scatter of the responses, their data could just as easily be interpreted as a continuous function. It may be that in vivo the sensitivity of the cerebral vessels to changes in pCO: is increased by the interaction of nervous and humoral factors, so that the range of pCCh through which no change in cerebral blood flow occurs is small, and this threshold phenomenon can then be obscured by widely scattered results.
It should be pointed out that during these experiments changes of pCCh were invariably associated with changes in pH. An increased pCCh was accompanied by a decrease in the pH and vice versa. Since the pH changes varied from 6.95 to 7.60 and might have affected the middle cerebral arteries in a similar manner to the pCCh changes, it is not possible to say whether the responses observed with changes in pCCh were due to a direct effect of CO: on the vessels or an indirect effect via changes in pH.
The responses of the middle cerebral artery preparations to changes in the pCh were completely at variance with the expected responses based on in vivo studies. Betz (1965) found that lowering the inspired O2 concentration to 16% or less caused a decrease in cerebrovascular resistance with increased cerebral blood flow, and the response became more and more marked as the arterial pCh fell below 50 mm. Hg until consciousness was lost at a jugular venous pCh of 19 mm. Hg. The response to increases in pO: was less marked, with a decrease in cerebral blood flow of up to 15% occurring with inhalation of 100% O2 at normal atmospheric pressure.
In the present study there was no response of the middle cerebral arteries to changes of the pO> from > 500 mm. Hg to 59.6 mm. Hg. However, as the pCh was decreased below 59.6 mm. Hg there was a dramatic and unexpected constriction of the artery. The constriction occurred when the pCh fell below 50 mm. Hg, and was of great magnitude, but brief duration. Repeated lowering of the pC>2 below 50 mm. Hg in a single preparation produced progressively larger contractions. In some way the response to hypoxia is potentiated by a previous period of hypoxia.
It was noted that the constriction of the middle cerebral arteries in response to lowering of the pCh below 50 mm. Hg was brief and that the artery relaxed again despite the maintenance of the hypoxia. It has been hypothesized that the brevity of the contraction is related to a lack of energy sources to permit prolonged contraction. As one might expect, the contraction occurring in response to hypocarbia was abolished or inhibited by lowering the p02 to < 50 mm. Hg (Fig. 7) , supporting this hypothesis. Furthermore, elevation of the pO: following a period of hypoxia sometimes resulted in another sudden contraction of the artery, suggesting that an excitatory substance produced during the period of hypoxia had attached to receptors on the arterial segment, but could cause contraction only when energy sources were again made available by elevation of the pCh. If this were true, then one would expect that the longer the period of hypoxia the greater the amount of excitatory substance produced, and the greater the magnitude of the contraction in response to hypoxia. It was shown (Fig. 8 ) that the magnitude of the response to hypoxia was directly related to the duration of hypoxia, as predicted by the hypothesis.
The explanation and significance of this response to hypoxia are unclear. Certainly no such response has been previously reported in living animals and man, and it may be that in vivo, other factors modulate the response to changes in pCh, so that the direct effects of hypoxia are not observed. The levels of pCh at which this response occurs are very low, but not unheard of clinically. Such low p02 levels are seen in patients with airway obstruction, following anaesthetic accidents and cardiac arrest. An important question, therefore, is whether the response to hypoxia that we have noted, does occur in vivo in pathological conditions when there may be a breakdown in the mechanisms that normally modulate the response of the cerebral vasculature to hypoxia. At present we can only speculate on this.
